We documented the breeding frequency of 25 wild female short-beaked echidnas, Tachyglossus aculeatus multiaculeatus, fate of young, and recruitment of subadults into a population over a 7-year period. Echidnas had 1 annual breeding period with courtship lasting 7-37 days. Females monitored were observed to mate only once per breeding season with 1 male. All females that mated produced a single fertile egg 23 days Ϯ 1 SE after mating. Frequency of reproduction differed among individuals and years. Number of young hatched each season varied between 1 and 9. A total of 22 hatchlings was produced by 17 different females between 1990 and 1996. Seven young died before weaning, 8 were known to survive to weaning, and the fates of the remaining 7 were unknown. Number of new subadults found in the study site was comparable with the number of young known to have been produced each year.
The short-beaked echidna, Tachyglossus aculeatus, is Australia's most widely distributed native mammal (Archer 1983) . It inhabits coastal areas, mountainous regions, rainforests, and deserts. Its diet consists of a large variety of invertebrate larvae, beetles, worms, ants, and termites (Griffiths 1968; Smith et al. 1989) . Despite its wide distribution, no one knows how many echidnas were present at the time of European settlement or how many exist today. Their solitary life style and use of home ranges up to 192 ha (Abensperg-Traun 1991) have made it difficult to collect, survey, and census them. Hence, little is known about either current or historic life histories and population dynamics. T. aculeatus was listed in the 1996 International Union for Conservation of Nature Red List of Threatened Animals as ''near threatened * Correspondent: rismac@kin.on.net in the lower risk category'' (Baille and Groombridge 1996) . No consistent sexual dimorphism exists in body mass, length, or color. Gender cannot be determined visually because all genitalia are internal. Body mass of adult echidnas is 2-7 kg (Augee 1983) . They have lived 50 years in captivity (Griffiths 1968) , and 1 free-ranging echidna was sighted for 45 years (Rismiller 1999) . Echidnas do not breed readily in captivity (Olney and Fisken 1997) , and only speculation has been made about breeding frequency in the wild (Griffiths 1989) .
Echidnas have a low operative body temperature (31-33ЊC) that may vary 10ЊC in 1 day (Augee et al. 1970) . Of the 5 recognized subspecies (Griffiths 1989) , 2 from cooler regions Nicol et al. 1992 ) and 1 living in a Mediterranean climate (Rismiller and McKelvey 1996) are known to use torpor. All animals living above the snow line went torpid during the winter months ), but those living in a milder climate showed a high variation in torpor and body temperature (Rismiller and McKelvey 1996) .
Sexually active echidnas alter their solitary life style during an autumn-winter courtship and breeding season. Griffiths (1968) reported that a female may be accompanied by 3 or 4 males at that time of year. He later described 5 separate incidences of the ''Indian file nose to tail'' courtship or train behavior that occurred during winter in July-August (Griffiths 1978:205) . Rismiller (1992 Rismiller ( , 1993 documented occurrence of ''trains'' from midMay to mid-September. The largest train observed was 11 animals. Rismiller (1992 Rismiller ( , 1993 ) also demonstrated that a pheromone attracts males and substantiated Griffiths' observation (1968) that the female is often the largest animal in the train.
Echidnas throughout Australia mate in July-September (Griffiths 1978) . It was not until 1988 that the question of how monotremes mate in the wild (Owen 1834 ) was answered (Rismiller and Seymour 1991; Seymour and Rismiller 1989) . Even with radiotelemetry, other basic aspects of reproductive biology of echidnas, such as age of sexual maturity, frequency of breeding, and fate of the young, have been difficult to document because of the cryptic life style. More than 100 years ago, Bennett (1881) surmised that female echidnas did not breed every year. Griffiths' (1968 Griffiths' ( , 1978 ) studies on lactating versus nonlactating females on Kangaroo Island and in the Canberra region provided supportive evidence that echidnas did not breed annually, but the exact frequency of breeding has remained unresolved.
In 1990, we began marking and radiotracking individual echidnas living in a geographically discrete area with low human impact. Because echidnas are long-lived, we believed that continuous monitoring over consecutive years with known individuals was the only way to begin answering questions about population dynamics of echidnas, in particular ecological aspects of reproductive biology.
MATERIALS AND METHODS
Research area and animals.-Research was conducted on the eastern end of Kangaroo Island, South Australia. The Pelican Lagoon study site (35Њ47ЈS, 137Њ47ЈE) was a discrete geographical unit. The east-to west-running peninsula was ca. 5 km long and comprised ca. 1,000 ha. Much of the region was characterized by large expanses of near pristine vegetation. A key to the island's intact ecosystems was lack of rabbits (Oryctolagus) and foxes (Vulpes). Five distinct habitat types occurred within our study site: woodland, shrubland, grassland, freshwater, and tidal swamp. Weather patterns and rain conditions across the island varied from semiarid to cool temperate. The climate was temperate (Burrow 1979) or Mediterranean; average rainfall in the study area in 1984-1997 was 535 mm.
Echidnas are a challenge to study because they do not use home dens or regular trails, cannot be trapped using baits, and are not attracted by recordings. Using groups of volunteers, we searched on foot for ca. 300 h to make initial contact with each animal. After found, timing and decisive movements were key in picking up the animal. We did not wear gloves to handle animals because previous experience demonstrated that bare hands allow greater sensitivity to the animal's responses. While kneeling behind the animal, one or both hands were slipped under the shoulders and legs until the soft underbelly was felt. With a firm grip under the front legs, we could feel when the animal relaxed. At that moment, the echidna was lifted. Its natural reaction was to move forward and curl around the hands, giving us a firm grip while protecting the animal from spiking itself. Echidnas were placed in a tightly woven jute bag for transport back to the research base (Rismiller and McKelvey 1994) . The practice of pulling echidnas by their hind feet or extracting them with tools was not used because such methods create unnecessary stress and hazards to the animal.
Between November 1990 and December 1997, 87 individuals (25 females, 45 males, 17 subadults) were found in the study site. We believe that all of the resident adult population was marked by 1995, because no new adult females or males have been found in the study area since then. All individuals had a small (12.5 by 2.0-mm, 65-mg) electronic transponder (Animal Electronic ID Systems, Kiama, New South Wales, Australia) inserted under skin on the ventral side for life-long positive identification. Animals had to be handled to read the 10-digit codes with a scanner. To avoid disruption of free-ranging study animals, individuals also were given visual markings. Discrete synthetic colored tubing was slipped and glued over 2 spines on different parts of the body (Rismiller 1992) . Animals were identified with a 3-or 4-letter coding (e.g., RHC was the animal marked red head center and YGBL, yellow green back left). All adult females, some males, and all subadults were fitted with radiotransmitters after their initial capture. During this study, a maximum of 30 animals had transmitters at any one time. Animals were always released at the site of capture.
Monitoring.-We used double-stage tracking transmitters (Biotelemetry Tracking, Adelaide, South Australia and Titley Electronics, Ballina, New South Wales, Australia) that had effective field ranges Ն7 km. Sealed transmitters were housed in a synthetic or aluminum case and weighed ca. 36 g. Echidna body shape precluded the use of transmitter collars so transmitter cases were attached between clipped spines on the lower back of the echidna with a 2-component epoxy (Rismiller and McKelvey 1994) . Because the housing remained glued to the spines for Ն2 years before falling off naturally, we could exchange transmitters directly in the field every 9 months when they needed battery renewal. Checking transmitters was necessary more often during winter and spring because copulating males often used the case for extra grip, and growth of new spines caused well-attached transmitters to be lost within a matter of days. Echidnas were located on foot using RX4 receivers (Biotelemetry Tracking) and hand-held 3-element antennas.
Our initial experience with monitoring echidnas in the field (Rismiller and Seymour 1991) demonstrated that we needed to devise methods of unobtrusive location and observation to accurately document breeding ecology. We trained assistants to assess, understand, and use wind, terrain, light, and sound conditions to optimize tracking efficiency. Relay teams monitored individuals day and night in 4-to 6-h intervals for Ն125 continuous h (Rismiller and McKelvey 1995) . Blinds and tree observation posts were sometimes used during daylight hours, and lowlevel light intensifiers or infrared scopes aided night work. Filming and still photography were used as part of the behavioral documentation. Each time an animal was located, its activity (e.g., foraging, moving, resting) was documented, and its position was mapped on a contour map with vegetation overlay. Accuracy of mapping using landmarks was within 5-10 m. Those data formed the basis for a study on home ranges and orientation (Rismiller and McKelvey 1994) .
Outside of the breeding season, animals were located and activities were observed once a day for a minimum of 10 consecutive days each month. At the onset of courtship (i.e., when trains began to form), monitoring of reproductively active females was increased from 1 sighting per 24-h period to 1 sighting every 4 h. When the female no longer showed defensive behavior and did not erect her spines when a male approached or nudged her, animals were monitored each hour until breeding commenced. Length of intromission was recorded. Postbreeding monitoring continued every 2 h until all males dispersed and the female was back to a solitary life style. From day 15 after mating, pouches were checked every 2-3 days to determine the time between copulation and egg-laying. We followed the convention of other monotreme researchers (Broom 1895; Griffiths 1968 Griffiths , 1978 in calling this gestation because it refers to the period of internal development of the fetus before the egg is laid Hill 1939, 1947) .
When possible, transmitters were placed on young hatched in the study site after they were weaned. We documented how long young stayed in the area and how far they traveled before establishing a home territory. Monitoring their movements took us off the peninsula and well beyond the boundaries of our normal study area.
Body mass of all animals was recorded at initial capture. Those with transmitters were weighed directly in the field 4-12 times/year, depending on the activities of the animal. Body mass of echidnas without transmitters was recorded whenever possible. We practiced minimal disturbance methods, weighing or handling an animal only when it was caught in the open or easily accessible. Animals were placed on a flat square cloth with looped corners that were gathered and hung on a 2-or 5-kg Salter spring scale. Weights were recorded to the closest 10-or 25-g increment, accordingly. When placed on the ground, the weighing cloth opened flat and the animal walked off. This procedure took Ͻ1 min.
We used 1-way analysis of variance to assess differences between male and female minimum and maximum body masses and body masses of reproductively active females within and between years. Statistical significance was set at P Ͻ 0.05.
Gender and age assessment of echidnas.-We determined the gender of adult echidnas in this study by palpation. The echidna was placed on its back, and the examiner reached between the curled up tail and belly to gently probe the contracted stomach muscles anterior to the epipubic bones and within the ventral region of the pelvis adjacent to the cloaca. In adult males, presence of a penis within the body was felt next to the cloacal opening. During the breeding season, the penis often protruded from the cloaca during palpation (Rismiller 1993) . When palpating a female, the epipubic bones were clearly discernible. We have used the palpation method for many years (Rismiller 1992 (Rismiller , 1993 . Monitoring known individuals over long periods has proven that initial determination of gender was accurate. Using presence of a pouch to determine gender was not reliable. Both males and females can form a superficial pouch by contracting the longitudinal muscles on the belly. Lactating females displayed enlarged mammary glands that formed the prominent pouch while carrying young. After the young was nursed in the burrow, the obvious pouch regressed but swollen mammary tissue remained.
Juvenile echidnas of both sexes have spurs (Griffiths 1989) . In subadults, the spur is covered by a sheath, which is visually distinct from that described for platypuses (Ornithorhynchus anatinus; Grant 1995; Temple-Smith and Grant 1983) . We observed that echidna spur sheaths were lost completely when the animal was 14-48 months old. Insufficient data exist to suggest that the time of sheath shedding is related to the age of sexual maturity. Because no echidnas with sheathed spurs were observed mating in our study, animals with a sheath-covered spur were classed as subadult. Presence or absence of a spur was not used to determine sex of adult echidnas because the spur was not gender-specific in our population (Rismiller 1993) .
No verified methods exist for aging an adult echidna (Griffiths 1989) . Age of subadults in our study site was estimated by using the presence of a spur sheath and having accurate knowledge about the breeding activities of individuals each year. Griffiths (1989) estimated that most echidnas hatch between the beginning of August and September and weaning occurs ca. 200 days later in mid-January to February of the following year. An unknown animal found in November with juvenile spurs was therefore hatched at least the previous year and was a minimum of 14-16 months old. Because juvenile echidnas are known to disperse at about 12 months of age and can travel great distances (Abensperg-Traun 1991), we considered any unknown subadults found in the study area as recruitment (i.e., immigration from an outside population). No conclusive DNA work has been conducted on echidna populations.
RESULTS
Courtship.-Echidnas trains (1 female followed by up to several males) were found only during the winter breeding season. During our 7-year study, we found males with females as early as April and as late as September. However, not all trains ended in mating. Every year between 1991 and 1996 (Table 1) , 1 or more females attracted males but did not breed. In every instance, the female never attracted more than 2 males and the males did not remain with the female for Ͼ48 h. The longest period documented between sighting a female with males was 44 days. Female WBC (white back center) was sighted with 1 male on 23 May 1991. On 24 May, she was alone and remained alone until 2 males were found with her on 24 July 1991. She did not breed and the next day the males dispersed.
Reproductively successful females attracted males for a number of consecutive days. Courtship duration was defined as the time from when a female was 1st observed with males until the time she mated and ranged from 7 to 37 days. The longest recorded courtship period began on 22 June, culminating on 28 July 1991 with copula- a B* ϭ breeder, female attracted males, mated, and successfully hatched egg; NB ϭ nonbreeder, female did not attract males and did not breed; No ϭ no data available because animal shed transmitter and was not refound; T/NB ϭ train/nonbreeder, female attracted males in a courtship train, but no breeding occurred; TS ϭ transmitter shed before breeding season; R ϭ transmitter removed; ϩ ϭ animal dead.
tion. The greatest reproductive activity was observed in 1993 and 1994 when 6 and 9 young were produced, respectively. During these 2 years, successful breeding trains formed in June or July and mating occurred between mid-June and the end of July (Table 2). Some trains were found opportunistically during routine searching (e.g., LRRC), and may therefore not represent the entire courtship duration. The courtship duration of 3 breeding females (NCTC, GRR, and RSC) in the 1993-1994 period was not known, because each was initially found later in the season with a young in the pouch.
When a train was 1st encountered, we recorded body mass of all individuals if animals were accessible (Table 3) . Correlating body mass of males with their proximity to the female was not possible because they were often found huddled together (i.e., female in the middle surrounded by the males). In 1993, the 6 breeding females were followed by 3-5 males at any one time. In 3 of the 5 trains that were measured, females had the greatest body mass. In 1 train with 5 suitors, 1 male was larger than the female. The smallest female (LRRC) had the shortest (7 days) recorded courtship duration (Table 2 ). In 1994, we found more trains containing males with greater body mass than that of the female than in 1993. When more reproductively active females were present, fewer males were seen in each train; in 1994, females were never followed by more than 3 males. No correlation (r ϭ 0.11, P ϭ 0.32) was found between mass of the female and number of males in the train. Males were sometimes found in courtship trains of different females in the same and consecutive breeding seasons (Table 3) . Body mass of the male was not a criterion for breeding success. The largest male recorded with female RHC in 1993 and 1994 was the same animal, but he did not breed with her in either year. However, he was found during both years in trains with other females.
We observed and documented male behavior during courtship and recognized 4 distinct stages. In stage 1, males stayed close to the female and were often observed foraging or traveling in a loose group, within 3-5 m of each other. Other than huddling together during rest, males did not have physical contact with the female. In stage 2, males were observed walking beside and behind the female with bodies touching. Males not flanking the female attempted to displace those that were. During both stages, some males left one female's train to join that of another or were found foraging and resting alone for a few days before rejoining a train. Hence, number and identity of males in a female's train could vary from day to day. In stage 3 of courtship, males remained close to the female at all times. They approached and nudged her with their beaks or prodded or stroked her body with their front paws. She responded to this behavior by digging in and erecting her spines, which caused the males to retreat. Stage 4 ended in copulation.
When the female was receptive (stage 4), she responded to prodding by a male by lying flat on the ground with her spines in a relaxed position. If only 1 male was pres- ent, he would dig on 1 side of the female, stroking her spines with his forefoot and attempting to lift her tail with his hind foot. When several males were with the female, all would dig beside her while attempting to push the other males aside. When 1 male remained, he continued digging and lifting until his tail was placed under the female's tail, cloaca on cloaca. Pairs remained coupled, defined as the duration of intromission, for 30-180 min.
Clearly observing courting animals was not always possible because of dense vegetation or when animals used natural limestone caves and tree-root tunnels. Between 1990 and 1996, we observed copulation 8 times, 5 during the 1993-1994 breeding seasons (Table 2 ). In 4 other instances, we could not visually verify copulation but concluded that the female had mated when she was alone and subsequently produced an egg within 48 h. All matings occurred between mid-June and the end of July and those observed were between 1200 and 0200 h. We never observed that a female mated more than once. Within 48 h of mating, females were back to a solitary life style, and males either joined another train or returned to their home ranges. Every female that mated produced an egg.
Gestation and incubation.-In an earlier study, we found that egg-laying occurred 15-23 days after trains dispersed (Rismiller 1992) . To confirm the time between copulation and laying of the egg, we checked pouches of females from day 15 after confirmed or suspected mating. To reduce stress of handling, the pouch was checked only every 2nd or 3rd day, depending on accessibility of the female. We found that mammary glands and hence the pouch became apparent ca. 15 days after copulation. Of 10 females that were routinely checked, all eggs were found 22-24 days after copulation. In 1 instance, we documented an egg being laid. When female YGBL was located on 28 July 1994, she was in a sitting position with the tail curled up toward the pouch. She extended the cloaca above the anterior edge of the pouch obscuring the opening. The cloaca contracted and was retracted into the body. After Ͻ30 s, she uncurled and walked away. We retrieved her and found a very white egg in the pouch. To confirm our observation, we checked her pouch 10 days later and documented the egg hatching.
Females carrying eggs were located 1 or 2 times a day but not disturbed. Eight of the 10 monitored females used the same shelter site throughout the incubation period. Two females sheltered at random sites. Shelter sites were natural openings under mallee roots, windfalls, rock crevices, and self-dug burrows. All but 1 female were observed foraging or moving during the incubation period. We checked pouches of all females 9-11 days after the egg had been seen. In every instance, a newly hatched echidna young, called a puggle (Rismiller 1991 (Rismiller , 1999 , was found, weighed to the nearest milligram, measured from tip of tail to tip of snout with a fine flexible wire, and returned to the pouch (Table 4) . If the eggshell was present, it was removed for other studies. From experience, we knew that the shell was no longer in the pouch 48 h after hatching.
Reproductive frequency and sexual maturity.-Of the 25 monitored females, 17 were reproductively active and produced 22 offspring during the 7-year study (Table 1) . Six other females attracted trains but did not mate, and 2 never attracted males dur-ing our study. All were classed as adults because none had characteristic juvenile spurs when 1st found and were sexed as female after palpation. Nonbreeding females were never observed with males Ͼ48 h.
Frequency of reproduction was individualistic. Only 2 females produced young in consecutive years. Female RHC reproduced in 3 successive seasons and after her 3rd young in 1995, she did not show the usual summer increase in body mass. She continued losing weight and died on 12 August 1996. Female GRR had a young in 1993 and another in 1994. Three females produced only 1 young each during 4 consecutive years of monitoring and female RTL, monitored for 6 years, had only 1. She was classed as an adult when found in 1991 but never attracted males. After she shed her transmitter in 1995, we found her in winter 1996 carrying a young.
Four females were monitored over the entire 7-year study. Two of those produced 2 young each. Female YGBL did not attract males in 1990 and 1991 but reproduced twice in the next 3 years. She attracted males but did not breed in 1995 and was found dead before the 1996 breeding season. Female WBL had a young in 1990 and another in 1993. We speculated that she had a 3-year cycle, but in 1996, she did not attract males or reproduce. However, in 1997, she mated and produced a young. Female YGSR, known from outside of the study area as a burrow young in 1987 by M. W. McKelvey, was nearly 4 years old when we started radiotracking her in 1990. She attracted males twice but by 1997 had never mated although she was Ͼ10 years old.
Female GTC gave us the 1st data about age of sexual maturity in echidnas. She was found initially in November 1990, weighed 2,200 g, and had 2 spurs, 1 still covered by a sheath. It was the time of year when young leave nursery burrows, but because of body mass and presence of only 1 spur sheath, we aged her at 15-27 months. In 1991, GTC shed her transmitter. When found again in 1992, she weighed 2,400 g and still had 1 spur sheath. When checked in May 1993, she was 2,275 g and had 2 tiny spurs, but we could not positively confirm gender by palpation. On 19 June 1994, GTC was found in a train with 3 known males. She mated on 4 July (Table 2) and her egg hatched on 6 August. At the time of sexual maturity, determined by reproductive activity, GTC was Ն5 years and weighed 3,050 g.
Weaning and fate of young.-Forty-five to 55 days after hatching, females placed their young in a nursery burrow. Burrows were either entirely self-dug or excavated in a natural rock or tree root burrow. The entrance was always back-filled. The female returned to nurse the young at 5-to 6-day intervals. Daily monitoring and our placement of small twigs at the burrow entrance indicated that the young never left the burrow between the female's visits. Fecal samples collected from several young in burrows were soft and homogenous, indicating that the young subsisted entirely on mother's milk. Young were weaned between mid-January and the end of February, as identified by decisive events. The female returned to the burrow, opened the entrance, brought the young out, nursed it, and then departed. The burrow was not back-filled, and no further mother-offspring relationship occurred. In every instance, the female weaned her young by not returning and by avoiding further contact.
Between 1990 and 1997, we documented the fates of 22 young hatched in the study area (Table 5) . Eight survived to weaning and left the area when they were 12-18 months old. We know that 2 of those died before they were 2 years of age. All young monitored traveled Ն6 km from their nursery sites before we lost track of them or found a shed transmitter. Two subadults were radiotracked 30 and 45 km, respectively, before we lost contact with them. Three young were killed by goannas (Varanus rosenbergi) and 4 were killed by feral cats (Felis sylvestris) before being weaned. Two females reproduced the year after losing a young, 3 attracted males but did not breed, and 2 shed transmitters. We cannot verify conclusively that those did not breed, but they were not found in trains. Therefore, no relationship was found between losing a young before it was weaned and reproductive activity the following season.
Fates of the remaining 7 young were unknown because females shed transmitters before their young were placed in the nursery burrow, or burrows were simply not found.
Recruitment.-Between 1991 and 1996, 17 unknown subadult echidnas were found in the study area (Table 6 ). Because juveniles disperse naturally, we considered these animals to be new recruitment into the population from outside areas. We never recaptured a known marked subadult in the study site after it had dispersed from the area. Six of the 17 recruited subadults died during the 6 years they were monitored; 2 were killed by feral cats, 2 died of suspected poisoning, and 2 died of unknown causes. Of the latter, no injuries, parasite infestations, or abnormalities of the internal organs were found. In 1991 and 1995, we documented that 2 subadults, YGTL and NCHL, traveled greater distances and re- mained active longer than other subadults. Those 2 did not increase body mass and died Յ6 months after being found. The total influx of new subadults was about equal to the number of young that dispersed from the area, including those whose fate was unknown.
Body mass and reproduction.-Both sexually active females and males showed seasonal variations in body mass. Monthly body masses of females that reproduced in 1993 and 1994 were graphed when 7 or more data points were available (Fig. 1a) . Body masses of 5 sexually active males for both years were graphed (Fig. 1b) as a comparison. Both sexes reached peak body mass during summer in January-March. Males had the greatest decline in body mass during the courtship period from the beginning of June to August. Lowest body mass in both years was reached Յ4 weeks after the end of the breeding season. All males had a marked increase in body mass by the end of each year. Body mass of females also decreased during the breeding season, but unlike males, lowest levels were reached later and recovery of body mass was not as rapid. Exceptions existed. In 1993, the largest female, WBC, was able to nurse her young and still increase her body mass toward the end of the year. Female GRR, who lost her young to a cat in October, also had a marked increase in body mass. Most sexually active males had a greater absolute change in annual mass than females. Body mass change during the courtship period (beginning of June to August) was significantly higher (P Ͻ 0.02) in males than in females (Table 7) . No statistical differences were found between female and male or maximum and minimum (P Ͼ 0.05 and P Ͼ 0.10, respectively) body masses in the 1993-1994 seasons. In some instances, few data points were available (n ϭ 2, for maximum body mass of females in 1993); however, simple comparison of individual data show trends between years and sexes. Breeding females in 1993 were larger (P Ͻ 0.05) than in 1994. Maximum male body masses, on the other hand, were slightly but not significantly higher (P ϭ 0.18) in 1994; minimum body masses were similar (P ϭ 0.60) in both years.
DISCUSSION
Trains and courtship.-In many parts of Australia, male echidnas leave their solitary lives and seek out females during winter. The cues for the beginning of the courtship season of echidnas and the formation of courtship trains are unknown, but trains clearly identify the breeding period. Augee et al. (1975) were the 1st to publish findings about sighting a group of echidnas together. Our current long-term findings are consistent with those from other parts of Australia (Griffiths 1978) ; trains consist of 1 female accompanied by 1 or more males. In our study, all successful (those ending in breeding) courtship trains occurred in June-August and lasted 7-36 days. In some years, we found males with females as early as late April and as late as mid-September. These instances of early or late courtship were always nonbreeding females that attracted 1 or 2 males for Յ48 h. In 1991-1995, 19 nonbreeding females were sighted with males. One nonbreeding female attracted males twice in a 44-day period but did not breed. This demonstrates that single sightings of echidnas together during the breeding season are not evidence of successful breeding.
After observing and recording male behavior during courtship over several breeding seasons, we identified 4 stages of distinctive behavior. Stages 2 and 3 characteristically include the echidna train, the ''Indian file'' or nose-to-tail behavior described by Griffiths (1978) . We confirmed that the number of males with a female on any given day of courtship varies. Males found with nonbreeding females displayed only stage 1 or 2 behaviors. Not all known adult males in the population were reproductively active (i.e., found in courtship trains), but many of the same animals were found in trains each year. This suggests that a male hierarchy may exist in wild populations, as was documented for captive echidnas (Brattstrom 1973) .
What role courtship trains play in echidna reproductive ecology is still uncertain. Trains have been observed repeatedly on Kangaroo Island and in Victoria (Augee et al. 1975) , New South Wales, Queensland, Australia Capitol Territory (Griffiths 1978) , and Tasmania (N. A. Andersen, pers. comm.). However, no courtship trains were seen during a 4-year study conducted within Kosciusko National Park, New South Wales , where echidnas lived in a cool climate and at high elevations above snow line. Those authors reported that echidnas formed pairs and mated in the retreat of a burrow between August and September (late winter). We found no correlation between number of suitors and duration of the train (r ϭ 0.001, P ϭ 0.96). In addition, all trains Ͼ48 h in duration ended with successful mating regardless of the number of males present when the female was receptive. This suggests that courtship trains may be linked closely to population densities and infrequency of breeding in adult females but that numerous males following a female and courtship trains per se are not essential for successful breeding. Dobroruka (1960) first described courtship and attempted breeding behavior in a pair of captive echidnas. In 1988, mating in wild animals was observed and documented on Kangaroo Island (Rismiller and Seymour 1991) . We observed an additional 8 matings during this study and documented that intromission lasted 30-180 min. We did not find a relationship between body mass of the female, duration of courtship, or environmental conditions, and length of intromission. We received verbal reports from community members about multiple copulation in echidnas, each lasting Ͻ1 min. However, behaviors described prodding and attempted lifting of the female's tail related to stage 3 courtship and not copulation. Every female we observed mated only once with a single male. Continued monitoring after mating showed that males dispersed without further copulation and that the female remained solitary. Gestation and incubation.-In the 10 females whose pouches were checked on a regular basis, we did not find an egg Ͻ22 days or Ͼ24 days after mating. Little is known about ovulation cycles in echidnas and the exact time of fertilization. We concur with other researchers (Flynn and Hill 1939; Griffiths 1968) , and speculate that fertilization occurs at or shortly after copulation. Hence gestation, the interval between mating and egg-laying, was 23 days Ϯ 1 SE. Every documented mating resulted in the female laying a fertile egg. Broom (1895) speculated that gestation could not be Ͻ18 days but was probably closer to 26-28 days. Griffiths (1978) reported estimates between 9 and 34 days for gestation periods of echidnas. He concluded from his observations that, although data were sketchy, gestation was about 3 weeks (Griffiths 1989) . Speculation has existed about how the egg actually gets into the pouch since egg-laying in echidnas was 1st discovered in 1884 (Haacke 1884). Our observations verified Griffiths' (1989) speculation that a female rolls up, extends her cloaca, and lays the egg directly into the pouch.
In 1988, a female echidna was recorded carrying an egg while active (Rismiller and Seymour 1991) . Before that time, a female was believed to enter a maternity burrow, lay her egg, and remain there for the entire incubation period. In our study, we confirmed observations of females remaining active while carrying an egg in the pouch. Nine of 10 monitored females were found traveling or foraging on Ն8 days between the time the egg was laid and hatched. In contrast, echidnas living in a cold climate remained in a burrow from the time of mating until the young was about 22 days old . Griffiths et al. (1969) documented that the incubation period for an echidna egg was 10.5 days. Every female in the current study had a young in the pouch when checked on day 11 or 12 after documented or calculated egg-laying. All young were estimated to be Ͻ48 h old because the eggshell was always present.
Reproductive frequency and sexual maturity.-This is the 1st study that monitored known females over a number of consecutive breeding cycles. Seventeen different females produced 22 known young over a 7-year period. We found no patterns in the reproductive frequencies of individuals; number of reproductively active females varied annually. Bennett (1881) surmised that echidnas bred every 2nd year in his Queensland study site. Semon (1901) documented that Ͻ50% of all females examined during 2 different breeding periods had an egg or young. Griffiths (1989) reported that only 2 of 14 female echidnas on Kangaroo Island captured between 26 October and 3 November 1973 were lactating. These sources support our findings that the breeding cycles of female echidnas vary greatly.
A realistic figure for reproductive frequency in sexually mature, free-ranging female echidnas on Kangaroo Island is 1 young every 4-6 years. Female echidnas were capable of reproduction in consecutive years; 2 of 17 monitored females did so. However, 1 female died after her 3rd consecutive breeding year and the other has not reproduced again since her 2nd young in 1994. One female had 2 young in 7 years and another had 2 young in a 6-year period. Thirteen females produced only 1 young each in the 2-6 years they were monitored. Tracking a greater number of females does not necessarily increase the ratio of breeders to nonbreeders. In 2 different years in which 10 females were monitored only 1, or 10%, produced a young. The overall average of females reproducing in any 1 year was 27%, about 1 in 4. In contrast to females who became sexually active only infrequently, many male echidnas were found in courtship trains every year. Why certain males are successful breeders is unknown. We determined that the successful individual was not the largest male in the train during courtship (Table 3) .
As an infrequent breeder in the wild, with complex courtship behavior, it is understandable that echidnas do not breed readily in captivity. Berlin Zoo was the 1st to report the hatching of an echidna. The breeding was not planned but was discovered when the young fell out of the pouch on 7 May 1908. The young was found dead on 15 August of the same year (Heck 1908) , which has been the fate of most captive-bred echidnas. Seventy-five shortbeaked echidnas currently are kept in 37 zoological parks outside of Australia (Olney and Fisken 1997) . All but 3 of those were taken from the wild, and the 3 captiveborn echidnas have not yet reproduced.
No reliable techniques exist for determining the onset of sexual maturity in echidnas. We determined that 1 female was at least 5 years old before reproducing. Another female, who was known to be 4 years old at the beginning of the study in 1990, attracted males twice during the following 7 years but never reproduced. We used the criterion of females attracting males (even if she did not breed) to indicate that the female was sexually mature. Seven females attracted trains but did not reproduce. One female monitored more than 6 years never attracted males. The low frequency of breeding and number of adult females that did not breed gives rise to many questions on population dynamics and social behavior, such as the possible role of an alpha female. Age of sexual maturity in males is equally equivocal. During our 7-year study, subadult males, those with spur sheaths, were found in trains only twice. Clarification of questions regarding onset of sexual maturity in wild echidnas will not be answered until new field techniques are established. Comprehensive hormone analysis in wild populations has not been possible because of difficulties in sampling blood in this species. No work has been done to isolate or analyze the pheromone that attracts males to females during the breeding season.
Weaning, fate of young, and recruitment.-Females carried young for 45-55 days before placing them in a nursery burrow when they weighed 180-260 g. We documented that young were weaned at 180-205 days and weighed 800-1,300 g, depending on the size of the mother (Rismiller 1999) . This is in agreement with the 48-63 days pouch life recorded by Griffiths (1978) and supports his speculation that duration of pouch life and size of the young at weaning may be related to size of the female. Eight females that weaned young returned to the burrow to nurse once every 5-6 days. Griffiths et al. (1988) recorded intervals between feeding of 5-10 days but indicated that measurements taken at the nursery burrow may have influenced the female's behavior. Their calculation that young were weaned at about 200 days fits within the range of our documented observations.
Until now no information has existed about the effect on population dynamics of juvenile mortality through disease, natural and feral predators, or loss of the mother before weaning. Before European settlement in Australia, the only natural predators of burrow-young echidnas were dingoes (Canis familiaris dingo) and large lizards or snakes. Kangaroo Island has a large population of Rosenberg's goanna (Varanus rosenbergi), a natural predator of burrowyoung echidnas (Overton 1987) . In recent years, predation of both burrow young and adults by feral cats and pigs (Sus scrofa; M. W. McKelvey and G. Rayson, in litt.) has been documented. During our study, more echidnas, both burrow young and subadults, were killed by feral cats than by Rosenberg's goannas. Evidence of a cat kill is a carcass turned inside out, often with the leg bones gnawed off. Kangaroo Island does not have dingoes or feral foxes, which are threats to native wildlife on the mainland, and the feral cat problem is not publicly perceived as being large. In all, 33% of the known young hatched in our study area were killed by predators before weaning. Extrapolation of these data for mainland populations is unrealistic, but feral predators, (cats, foxes, dogs, and pigs) clearly pose a threat and have a substantial impact on the stability of echidna populations.
Eight of the 22 young hatched in our study area survived to weaning. All were color-coded, but 2 disappeared from the nursery burrows before a transmitter was attached and 2 others shed transmitters within days. Attachment of minitransmitters to burrow young at the time of weaning was only partially successful because of the soft condition and rapid growth of spines. All young that dispersed with transmitters traveled Ն7 km away from their nursery burrow. One subadult first traveled 18 km east of its burrow and stayed there for about 6 months before moving 27 km west. Another traveled 30 km before settling down. Of the 4 young that were radiotracked, 2 died before reaching 24 months of age. Little is known about young echidnas after they leave the nursery burrow. Dispersal from the natal area is a logical strategy for new recruitment and genetic mixing. On Kangaroo Island, belts of remnant vegetation exist that allow dispersing animals to move great distances in relative safety.
We found 17 1-to 2-year-old subadults during the course of our study. We concluded that that was a true indication of recruitment through migration because marked subadults hatched in the area were not found in the study site after dispersal. Further, all subadult echidnas in a study conducted in Western Australia dispersed from the study area when they were 12-16 months of age (Abensperg-Traun 1991). Our findings clearly support this dispersal theory. Six of the 17 recruited subadults died within the study period. If we hypothesize that young whose fate were unknown survived to disperse, recruitment nearly equaled the number of young that left the area.
Little is known about naturally occurring illnesses in echidnas (Griffiths 1978; McOrist and Smales 1986) . Two of the recruited subadults were active Յ18 h/day, traveling and foraging, but they did not increase body mass. Both were dead Յ6 months of being marked. Dissection and necropsy showed no internal abnormalities or parasites. Two other recruited subadults were killed by cats, and we speculated that the remaining 2 deaths were caused by chemicals. In 1 part of the study area, a color-marked herbicide targeting a feral plant was used for 2 years. During the spraying program, 2 subadults (Table 6 ) and 3 adults, not mentioned in this study, that foraged extensively in the sprayed area died. Cause of death could not be verified conclusively, but all dead animals had spotty discolored livers and enlarged spleens. Effects of herbicides and pesticides on echidna food sources, namely invertebrates, are unknown.
Body mass and environmental cues.-No relationship was found between body mass of the female and number of suitors in a train. We have yet to identify the existence of a relationship between body mass and success of breeding males (Table 3 ). In 14 of 15 trains examined in an earlier study, the female had the greatest body mass (Rismiller 1992). Our current, long-term study showed that this pattern may vary annually. Body mass has sometimes been used as a measure of age and sexual maturity (Abensperg-Traun and DeBoer 1992; McOrist and Smales 1986) . We found that the criterion of Ͼ3 kg equals an adult or sexually mature animal was not applicable in our study. Body mass of both adult males and females fluctuated 16-37% within a year. For males, the greatest body mass loss was during the breeding season. In 1993 and 1994, the minimum body mass for all but 1 male found in trains was Ͻ3 kg (Table 7) . Maximum body mass of reproductively active males and females ranged from 3,300 to 4,675 g. Minimum body mass in males occurred Յ4 weeks before the end of the breeding season and increased markedly by the end of the year. However, females that were lactating and carrying a young had a slight drop or leveling off of body mass toward the end of the year. One exception was the largest female, whose minimum body mass was greater than the maximum of other females. Another female's body mass increased toward the end of the year after her young was killed by a cat. In both sexes, highest body masses were reached in January-March. Fluctuations in seasonal body mass in echidnas living in a cold climate were slightly shifted, with the peak occurring in April and the low in November , which corresponded with slightly later breeding seasons. The significance of body mass fluctuation in the breeding ecology of echidnas is not clearly understood.
What physiologic factors and environmental signals cue reproductive responses in echidnas are still unknown. Loss of a young before weaning does not influence sexual activity of a female in the next breeding season. Size, number, and duration of trains do not seem to play significant roles in reproductive success. We would not expect an environmental cue such as rainfall to influence reproduction because echidnas throughout Australia breed in June-September, which is the wet season in the southern part of the country and the dry season in the north. However, reproduction may be related to photoperiod because both free-ranging echidnas in Australia and those kept in captivity in the northern hemisphere have highest reproductive activity between the winter solstice and the spring equinox.
Our study reinforces the fact that Tachyglossus demonstrates a high degree of adaptability and individualism. This study shows that 7 years is not sufficient to conclusively determine frequency of breeding, survival rates of juveniles, recruitment of subadults, or effects of feral predators on population dynamics of echidnas. However, we propose that infrequent breeding, dispersal of young, and predation in our study are indicative of conditions for populations of short-beaked echidnas throughout Australia.
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